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DOMAIN WALL -DISPLACEMENT TYPE MAGNETO -OPTICAL MEDIUM 
AND REPRODUCING METHOD FOR THE SAME 

BACKGROUND OF THE INVENTION 
Field of the Invention 

This invention relates to a magneto-optical medium 
adapted to reproduce information, utilizing 
displacement of domain walls by temperature gradient 
and also to a reproducing method for such a medium. 
Related Background Art 

Various magnetic recording mediums have been 
marketed as rewritable recording mediums . 
Particularly, magneto-optical recording mediums to be 
used for writing magnetic domains to record information 
there by means of thermal energy of a semiconductor 
laser and reading the stored information by means of 
magneto-optical effects are expected to develop into 
large capacity portable mediums capable of densely 
storing information in the future. In recent years, 
there has been an ever- increasing demand for raising 
the recording density and hence the storage capacity of 
such magnetic recording mediums in order to accommodate 
the current trend of digitizing moving images. 

Generally, the linear recording density of an 
optical recording medium largely depends on the laser 
wavelength of the reproducing optical system and the 
numerical aperture NA of the objective lens. In other 



words, the diameter of the beam waist is defined by the 
laser wavelength X of the reproducing optical system 
and the numerical aperture NA of the objective lens. 
Then, the spatial frequency of recording pits that can 
be used for signal reproduction is 2NA/X at most. 
Therefore, it is necessary to either use a short laser 
wavelength for the reproducing optical system or 
increase the numerical aperture of the objective lens 
for realizing a high recording density in a 
conventional optical disk. However, it is not easy to 
reduce the laser wavelength from the viewpoint of 
operating efficiency of devices and the problem of 
generation of heat. Additionally, as the numerical 
aperture of the objective lens is increased, more and 
more rigorous requirements are imposed on the 
mechanical precision of devices because of a shallow 
focal depth and other reasons. 

In view of these problems, various so-called 
super-resolution technologies providing novel 
configurations for signal reproduction from recording 
mediums have been developed to improve the recording 
density without changing the laser wavelength and the 
numerical aperture . 

For example, Japanese Patent Application Laid-Open 
No. 3-93058 proposes a signal reproduction method using 
a multilayer film having a memory layer where signals 
are recorded and a readout layer that are magnetically 



coupled with each other and transferring the recorded 
signals from the memory layer by firstly aligning the 
directions of magnetization of the readout layer and 
subsequently heating the readout layer by means of 
laser beam irradiation so that the signals may be 
transferred onto the heated region of the readout 
layer, while the transferred signals are simultaneously 
read out. This method can reduce inter- symbol 
interferences during the signal reproducing operation 
and reproduce signals with a spatial frequency greater 
than 2NA/A. because the region from which the recorded 
signals are retrieved by heating it with the laser beam 
until it gets to the signal transfer temperature can be 
confined to an area smaller than the spot diameter of 
the signal reproducing laser beam. 

However, the above proposed signal reproduction 
method has a drawback that the region that is 
effectively used for signal detection and signal 
retrieval is smaller than the spot diameter of the 
signal reproducing laser beam and hence the reproduced 
signal shows only a small amplitude and a small output 
level. In other words, the region that is effectively 
used for signal detection cannot be reduced excessively 
relative to the spot diameter. Thus, the proposed 
method cannot remarkably raise the recording density 
relative to the recording density is theoretically 
limited by the diffraction of the optical system. 



In an attempt for dissolving the above problem, 
Japanese Patent Application Laid-Open No. 6-290496 
discloses a method that can retrieve signals recorded 
at a high density exceeding the resolving power of the 
optical system without reducing the amplitude of the 
reproduced signal by moving the domain walls located 
along the boundary section of each recorded mark 
(magnetic domain) to the high temperature side along 
the temperature gradient produced in the recording 
medium . 

Now, this signal reproducing method will be 
described below in greater detail. 

FIGS. 8A through 8C of the accompanying drawings 
schematically illustrate a magneto -optical recording 
medium and the information reproducing method to be 
used for such a magneto-optical recording medium as 
disclosed in the above cited patent document. FIG. 8A 
is a schematic cross sectional view of the magneto- 
optical recording medium showing its configuration and 
the magnetized condition of an area irradiated with a 
signal reproducing light beam and FIG. SB is a graph 
illustrating the temperature distribution produced in 
the magneto -optical recording medium when irradiated 
with the light beam, whereas FIG. 8C is a graph 
illustrating the distribution of the domain wall energy 
density a of the domain wall displacement layer 
relative to the temperature distribution of FIG. 8B. 



As shown in FIG. 8A, the magnetic layer of the 
magneto-optical recording medivim has a multilayer 
structure formed by sequentially laying a magnetic 
layer 111 that is a domain wall displacement layer, 
another magnetic layer 112 that is a switching layer 
and still another magnetic layer 113 that is a memory 
layer, of which the magnetic layer 111 is arranged at 
the side to be irradiated with a signal reproducing 
light beam. In FIG. 8A, arrows 114 in the layers 
indicate the directions of atomic spin. Each domain 
wall 115 is formed along the boundary section of two 
regions where the respective directions 114 of atomic 
spin are inverted relative to each other. 

In FIG. 8A, arrow 118 indicates the direction in 
which the recording medium is moved. The light beam 
spot 116 moves along the information track of the 
recording medium as the medium is displaced in the 
moving direction 118. As shown in FIG. 8B, the 
temperature T of the area irradiated with the light 
beam spot 116 rises from the front of the spot as 
viewed in the moving direction of the beam to produce a 
temperature distribution where the temperature gets to 
a peak at position Xc . Also note that the medium gets 
to temperature Ts that is close to the Curie 
temperature of the magnetic layer 112 at position Xa. 

As shown in FIG. 8C, the distribution of the 
domain wall energy density a of the magnetic layer 111 



reaches the lowest level at a position near the 
temperature peak located near the tail end of the light 
beam spot 116 and gradually increases toward the front 
end of the spot. When the domain wall energy density a 
shows a gradient along the variable position X, the 
domain wall of each of the layers at the position X is 
subjected to force F that is defined by equation (1) 
below. 

F = So / ax (1) 
The force F is exerted so as to move the domain 
walls toward the lower domain wall energy area. Since 
the domain wall coercivity of the magnetic layer 111 is 
small and the domain wall is apt to be displaced to a 
large extent, the domain wall 115 will be easily moved 
by the force F when the magnetic layer is of a single 
layer structure. However, the temperature of the 
medium is lower than Ts and the magnetic layer 111 is 
coupled by exchange coupling to the magnetic layer 113 
showing large domain wall coercivity in the region 
located in front of the position Xa relative to the 
spot so that the domain wall 115 is not displaced but 
rigidly held to a position corresponding to the domain 
wall in the magnetic layer 113 having large coercivity. 

With this magneto-optical recording medium, as it 
is moved in the proper moving direction 118 and the 
domain wall 115 of the magnetic layer 111 gets to 
position Xa, the temperature of the medium at the 



domain wall 115 rises to Ts that is close to the Curie 
temperature of the magnetic layer 112 to break the 
exchange coupling between the magnetic layers 111 and 
113. As a result, the domain wall 115 of the magnetic 
layer 111 is instantaneously displaced toward a region 
showing higher temperature and smaller domain wall 
energy density as indicated by broken-lined arrow 117. 
As the domain wall 115 passes below the light beam spot 
116, the atomic spins of the magnetic layer 111 are 
forced to point a same direction. 

Each time the domain wall comes to the position Xa 
as a result of the movement of the medium, it 
instantaneously passes below the light beam spot 16 to 
expand the recording domain to stretch from the 
position Xa to the position Xc and force the atomic 
spins of the magnetic layer 111 to point a same 
direction. Then, the retrieved signal constantly shows 
the largest possible amplitude without being restricted 
by the length between the domain walls where the signal 
is recorded (or the length of the recorded mark) and is 
completely freed from the problem of waveform 
interference caused by the optical limit of diffraction 
and other problems . 

However, with the above described signal 
reproduction method according to Japanese Patent 
Application Laid-Open No. 6-290496, the force F 
necessary for causing the displacement of the domain 



wall is not particularly large at temperature close to 
Ts as shown in FIG. 8C. Thus, the starting point of 
displacement of the domain wall can fluctuate to give 
rise to large jitters to the retrieved signal so that 
the quality of the retrieved signal can be degraded. 

SUMMARY OF THE INVENTION 

In view of the above identified circumstances, it 
is therefore the object of the present invention to 
provide a magneto- optical recording medium adapted to 
reproduce information, utilizing displacement of a 
domain wall by temperature gradient, and also a 
reproducing method for such a medium that can eliminate 
fluctuations of the starting point of displacement of 
the domain wall and reproduce a signal with suppressed 
jitters . 

In an aspect of the present invention, there is 
provided a magneto-optical recording medium comprising: 

a domain wall displacement layer for displacing 
domain walls ; 

a recording layer for storing information; and 

a switching layer arranged between the domain wall 
displacement layer and the recording layer and having a 
Curie temperature lower than those of the latter two 
layers , 

wherein the domain wall displacement layer, the 
switching layer and the recording layer are coupled by 



exchange coupling at temperature not higher than the 
Curie temperature of the switching layer, and the 
saturation magnetization of the domain wall 
displacement layer and that of the recording layer are 
reciprocally parallel to each other in a state of being 
coupled by exchange coupling at temperature close to 
the Curie temperature of the switching layer. 

In another aspect of the invention, there is 
provided a reproducing method to be used with the above 
magneto-optical recording medium, comprising: 

a step of forming a predetermined temperature 
distribution having a temperature zone exceeding the 
Curie temperature of the switching layer on the 
magneto-optical recording medium by means of a laser 
beam; 

a step of breaking the exchange coupling between 
the domain wall displacement layer and the recording 
layer in a region having the temperature zone exceeding 
the Curie temperature of the switching layer and 
displacing a domain wall formed in the domain wall 
displacement layer toward the high temperature side 
along the temperature gradient of the temperature 
distribution; and 

a step of detecting information stored in the 
recording layer, utilizing the laser beam reflected 
from the medium. 



BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. lA is a schematic partial cross sectional 
view a magneto-optical recording medium according to 
the invention, illustrating the configuration thereof 
and a change in the magnetized state thereof that takes 
place when irradiated with a signal reproducing light 
beeim. 

FIG. IB is a graph illustrating the temperature 
distribution produced on the magneto-optical recording 
medium of FIG. lA when irradiated with a signal 
reproducing light beam. 

FIG. IC is a graph illustrating the distribution 
of the domain wall energy density a of the domain wall 
displacement layer and the force FX acting on the 
domain wall corresponding to the temperature 
distribution of FIG. IB. 

FIG. ID is a graph illustrating the distribution 
of the saturation magnetization of the domain wall 
displacement layer and the recording layer 
corresponding to the temperature distribution of FIG. 
IB. 

FIG. IE is a graph illustrating the distribution 
of the magnetostatic force in FIG. lA. 

FIG. 2A is a schematic illustration of typical 
recorded domains that are formed in the recording 
layer . 

FIG. 2B is a graph schematically illustrating the 



waveform of a signal reproduced from magnetic domains 
on the basis of the information reproducing principle 
shown in FIGS. lA through IE. 

FIG. 2C is a graph schematically illustrating the 
waveform of a signal reproduced from magnetic domains 
by a known reproducing method. 

FIG. 3 is a schematic illustration of the optical 
system of a recording/reproducing apparatus capable of 
recording data in and reproducing data from a magneto - 
optical recording medium as illustrated in FIGS. lA 
through IE. 

FIG. 4 is schematic cross sectional view of the 
magneto-optical recording medium of Example 1, 
illustrating the multilayer structure thereof. 

FIG. 5A is a schematic cross sectional view of the 
magneto -optical recording medium of Comparative Example 
1, illustrating its configuration and the change in the 
magnetized state thereof when irradiated with a signal 
reproducing light beam. 

FIG. 5B is a graph illustrating the distribution 
of the saturation magnetization of the domain wall 
displacement layer and that of the saturation 
magnetization of the recording layer corresponding to 
the temperature distribution produced in the recording 
medium when irradiated with signal reproducing light 
beam as in FIG. 5A. 

FIG. 5C is a graph illustrating the distribution 
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of the magnetos tatic force in FIG. 5A. 

FIG. 6A is a schematic cross sectional view of the 
magneto-optical recording medium of Example 2, 
illustrating its configuration and the change in the 
magnetized state thereof when irradiated with a signal 
reproducing light beam. 

FIG. 6B is a graph illustrating the distribution 
of the saturation magnetization of the domain wall 
displacement layer and that of the saturation 
magnetization of the recording layer corresponding to 
the temperature distribution produced in the recording 
medium when irradiated with signal reproducing light 
beam as in FIG. 6A. 

FIG. 6C is a graph illustrating the distribution 
of the magnetostatic force generated by the 
distribution of saturation magnetization of FIG. 6B. 

FIG. 7 is a graph illustrating the compensation 
temperature of a f errimagnetic material. 

FIGS. 8A, 8B and 8C schematically illustrate a 
known magneto -optical recording medium and the 
principle of reproducing information from such a 
recording medium. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 

FIGS. lA through IE are schematic illustrations of 
an embodiment of magneto-optical medium according to 
the invention and the principle underlying the 



information reproducing operation thereof, of which 
FIG. lA is a schematic partial cross sectional view a 
magneto -optical recording medium according to the 
invention, illustrating the configuration thereof and a 
change in the magnetized state thereof that takes place 
when irradiated with a signal reproducing light beam 
and FIG. IB is a graph illustrating the temperature 
distribution produced on the magneto-optical recording 
medium of FIG. lA when irradiated with a signal 
reproducing light beam, whereas FIG. IC and FIG. ID are 
graphs respectively illustrating the distribution of 
the. domain wall energy density a of the domain wall 
displacement layer and the force Fl acting on the 
domain wall corresponding to the temperature 
distribution of FIG. IB and the saturation 
magnetization of the domain wall displacement layer and 
that of the recording layer corresponding to the 
temperature distribution of FIG. IB and FIG. IE is a 
graph illustrating the distribution of the 
magnetostatic force in FIG. lA. 

FIG. lA illustrates the basic configuration of 
this embodiment of magneto -optical recording medium. 
Referring to FIG. lA, the embodiment comprises an 
enhancing layer 9 , a magnetic layer 1 that is a domain 
wall displacement layer, another magnetic layer 2 that 
is a switching layer, still another magnetic layer 3 
that is a recording layer and a protective layer 10 



laid sequentially on a substrate 8. The magnetic layer 
1 is located close to the surface to be irradiated with 
a signal reproducing light beam. The signal 
reproducing light beam that is a laser beam 11 is 
irradiated from the side of the substrate 8 to produce 
a signal reproducing spot on the surface of the 
magnetic layer 1 . As the medium is moved in the 
direction of arrow A in FIG. 1, the signal reproducing 
spot moves on an information track. 

Recorded domains 3a, 3b, 3c, 3d and so on are 
sequentially formed on the magnetic layer 3 and the 
recorded domains in the region where the temperature of 
the medium is not higher than the Curie temperature of 
the magnetic layer 2 are transferred onto the magnetic 
layer 1 without modification as the magnetic layers 1 
and 3 are coupled by exchange coupling. In FIG. lA, 
recorded domain la is produced as a result of transfer 
of the recorded domain 3a of the magnetic layer 3 . In 
FIG- lA, each white arrow 4 indicates saturation 
magnetization of a magnetic domain whereas each black 
arrow 5 indicates the direction of transition metal 
sublattice magnetization in the corresponding magnetic 
domain . 

The area irradiated with the laser beam 11 gives 
rise to a temperature distribution pattern having a 
certain temperature gradation relative to the moving 
direction of the laser beam 11 as shown in FIG. IB. In 
the instance of FIG. IB, the temperature of the 
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recording medium has reached the Curie temperature Ts 
of the magnetic layer 2 at position Xa located slightly 
behind (left in FIG. lA) the front end of the signal 
reproducing spot (as viewed in the moving direction of 
the signal reproducing spot) of the laser beam 11 and 
exceeds the Curie temperature Ts in a region located 
behind the position Xa to break the exchange coupling 
of the magnetic layers 1 and 3 . 

FIG. IC illustrates the distribution of the domain 
wall energy density a of the magnetic layer 1 and the 
force Fl acting on the domain wall corresponding to the 
temperature distribution of FIG. IB. As seen from FIG. 
IC, the distribution shows a gradient along the 
direction of variable position X (or the moving 
direction of the signal reproducing spot) and locates a 
minimal point close to the peak of the temperature 
distribution shown in FIG. IB. When the domain wall 
energy density a shows a gradient along the variable 
position X, the domain wall of each of the layers at 
the position X is subjected to force Fl that is defined 
by equation (2) below. 

Fl = do / dX (2) 
The force Fl is exerted so as to move the domain 
walls toward the lower domain wall energy area. Since 
the domain wall coercivity of the magnetic layer 1 is 
small as compared with those of the switching layer 2 
and the recording layer 3 and hence the domain wall is 



apt to be displaced to a large extent, the domain wall 
6 will be moved by the force Fl . However, the 
temperature of the medium is lower than the Curie 
temperature Ts of the magnetic layer. 2 in the region 
located in front of (right relative to) the position Xa 
so that the domain wall is rigidly held to a position 
corresponding to the domain wall in the magnetic layer 
3 as a result of the exchange coupling with the 
magnetic layer 3 having large coercivity. 

With this magneto -optical recording medium, as it 
is moved in the direction of arrow A and the domain 
wall 6 of the magnetic layer 1 gets to position Xa, the 
temperature of the medium rises to the Curie 
temperature Ts of the magnetic layer 2 at the position 
of the domain wall 6 to break the exchange coupling of 
the magnetic layers 1 and 3. As a result, the domain 
wall 6 of the magnetic layer 1 is instantaneously 
displaced toward a region showing higher temperature 
and smaller domain wall energy density as indicated by 
broken-lined arrow 7. Thus, as a result of the 
movement of the medium, the domain wall instantaneously 
passes under the signal reproducing spot each time the 
domain wall 6 gets the position Xa. 

The principle of movement of the domain wall due 
to the force Fl is the same as that of a domain wall of 
a magneto-optical recording medium disclosed in the 
above cited Japanese Patent Application Laid-Open No, 



6-290496 • However, in the case of this embodiment of 
magneto-optical recording medium, the domain wall is 
also subjected to magnetostatic force F2 that is 
generated by saturation magnetization of the magnetic 
layers 1 and 3 in addition to the above force Fl . 

In this embodiment, the saturation magnetization 
as shown in FIG. ID appears corresponding to the 
temperature distribution of FIG. IB. In FIG. ID, 
saturation magnetization Msl is the one produced in the 
magnetic layer 1, whereas saturation magnetization Ms3 
is the one produced in the magnetic layer 3 . Rare 
earth sublattice magnetization is dominant in the 
magnetic layer 1 at and near the Curie temperature Ts 
of the magnetic layer 2, while transition metal 
sublattice magnetization is dominant in the magnetic 
layer 3 at and near the Curie temperature Ts of the 
magnetic layer 2 . 

Thus, the recorded domains of the magnetic layer 1 
are subjected to magnetostatic force F2 {F2b and F2c 
shown in FIG. IE) that is proportional to the 
saturation magnetizations Msl and Ms3 due to the 
leakage magnetic field produced from the recorded 
domains of the magnetic layer 3. When the saturation 
magnetization of the magnetic domain to be expanded of 
the magnetic layer 1 and the saturation magnetization 
of the corresponding recorded domain of the magnetic 
layer 3 located at the position where the magnetic 
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domain to be expanded passes by are directed in the 
same direction, the magnetostatic force F2 is so 
directed as to reliably expand the magnetic domain. 
With this embodiment of magneto-optical recording 
medium, the magnetostatic force F2 directed to expand 
the magnetic domain is utilized to provide an auxiliary 
effect for moving the domain wall. 

Now, the operation of reproducing information from 
this embodiment of magneto -optical recording medium 
will be described below. 

As shown in FIG. ID and described above, with this 
embodiment of magneto-optical recording medium, rare 
earth sublattice magnetization is dominant in the 
magnetic layer 1 at and near the Curie temperature Ts 
of the magnetic layer 2, while transition metal 
sublattice magnetization is dominant in the magnetic 
layer 3 at and near the Curie temperature Ts of the 
magnetic layer 2. Therefore, the saturation 
magnetization Msl of the recorded domain la of the 
magnetic layer 1 and the saturation magnetization Ms3 
of the recorded domain 3a of the magnetic layer 3 
become anti-parallel (i.e., directed oppositely) to 
each other between the magnetic layers 1 and 3 that are 
coupled by exchange coupling at and near the position 
Xa where the temperature of the medium gets to the 
Curie temperature Ts of the magnetic layer 2. 

Firstly, assume that the domain wall 6 passes 



through the region between position Xa (where the 
temperature of the medium gets to the Curie temperature 
Ts of the magnetic layer 2) and position Xb (where the 
domain wall between the recorded domains 3b and 3c of 
the magnetic layer 3 is located). In this region, 
magnetostatic force F2b acting to expand the magnetic 
domain as shown in FIG, IE is generated because the 
saturation magnetization Msl of the recorded domain la 
of the magnetic layer 1 and the saturation 
magnetization Ms3 of the recorded domain 3b of the 
magnetic layer 3 are directed to the same direction. 
Thus, the magnetostatic force F2b and the force Fl 
defined by the above equation (2) drive the domain wall 
6 to move. Due to the magnetostatic force F2b 
generated to expand the magnetic domain, the force 
driving the domain wall 6 immediately after getting to 
the temperature Ts for starting a domain wall 
displacement is significantly increased to consequently 
stabilize the starting point of displacement of the 
domain wall. 

Now, assume that the domain wall 6 passes through 
the region between position Xb and Xc (where the domain 
wall between the recorded domains 3c and 3d of the 
magnetic layer 3 is located). In this region, 
magnetostatic force F2c acting not to expand the 
magnetic domain as shown in FIG. IE is generated 
because the saturation magnetization Msl of the 



recorded domain la of the magnetic layer 1 and the 
saturation magnetization Ms3 of the recorded domain 3c 
of the magnetic layer 3 are directed to opposite 
directions. However, since the temperature of the 
medium in this region is sufficiently high, the 
magnetostatic force F2c is small. Additionally, since 
the force Fl defined by the above equation (2) is 
sufficiently large, it alone is sufficient for driving 
the domain wall 6 to move. 

It will be appreciated from the above description 
that a sufficient force for driving the domain wall is 
obtained from the very start of movement of the domain 
wall with this embodiment of magneto -optical recording 
medium. FIG. 2A is a schematic illustration of typical 
recorded domains that are formed in the recording layer 
and FIG. 2B is a graph schematically illustrating the 
waveform of a signal reproduced from the recorded 
domains of FIG. 2A by the above described reproducing 
method, while FIG. 2C is a graph schematically 
illustrating the waveform of a signal reproduced from 
the recorded domains by a known reproducing method. In 
FIG. 2A, each black arrow 5 indicates the direction of 
transition metal sublattice magnetization in the 
corresponding magnetic domain. The direction of 
sublattice magnetization of each recorded domain is 
inverted from that of the recorded domain of either 
side. It will be appreciated by comparing FIG. 2B and 



FIG. 2C that a domain wall reliably starts to move 
immediately after it gets to position Xa and reproduces 
a signal showing a well- shaped rectangular waveform in 
this embodiment of magneto -optical recording medium to 
suppress jitter. 

Vfliile transition metal sublattics magnetization is 
dominant in the magnetic layer 3 at and near the Curie 
temperature Ts of the magnetic layer 2 in the above 
embodiment of magneto -optical recording medium, it may 
alternatively be so arranged that rare earth metal 
sublattice magnetization is dominant in the magnetic 
layer 3 . 

The above described embodiment of magneto-optical 
recording medium may additionally comprise a metal 
layer of Al, AlTa, AlTi, AlCr or Cu in order to make it 
possible to thermally regulate the embodiment . The 
embodiment may still additionally comprise a protection 
coat layer made of polymeric resin. The above medium 
may be constituted by bonding substrates carrying the 
respective layers thereon. 

In the above described embodiment of magneto - 
optical recording medium, the magnetic layers 1 through 
3 may be made of any of various magnetic materials. 
For example, they may be made of a rare earth - iron 
group element amorphous alloy containing one or more 
than one rare earth metal elements typically selected 
from Pr, Nd, Sm, Gd, Tb, Dy and Ho by 10 to 40at% and 



one or more than one iron group elements typically 
selected from Fe, Co and Ni by 90 to 60at%. An element 
selected from Cr, Mn, Cu, Ti, Al, Si, Pt and In may be 
added to a small ratio in order to improve the anti- 
corrosion effect of the magnetic layers. 

If a rare earth - iron group element amorphous 
alloy is used, the saturation magnetization can be 
controlled by controlling the composition ratio of the 
rare earth element (s) to the iron group element (s). 
While the Curie temperature can also be controlled by 
controlling the composition ratio, a method of using 
iron group elements obtained by partly substituting Co 
for Fe as material and controlling the extent of 
substitution may preferably be employed to control the 
saturation magnetization independently. More 
specifically, since the Curie temperature is expected 
to rise by about 6** C by substituting Co for Fe by lat%, 
it is possible to regulate the rate of addition of Co 
so as to obtain a desired Curie temperature by using 
this relationship. It is also possible to lower the 
Curie temperature by adding one or more than one 
nonmagnetic elements such as Cr and Ti to a slight 
extent . The Curie temperature can also be controlled 
by using two or more than two rare earth elements and 
regulating the composition ratio thereof. 

Alternatively, a material such as garnet, a 
platinum group - iron group element periodic structure 
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film or a platinum group - iron group alloy may be 
used. 

Preferably, a rare earth - iron group element 
amorphous alloy whose perpendicular magnetic anisotropy 
is low such as GdCo, GdFeCo, GdFe or NdGdFeCo or a 
material to be used for bubble memories such as garnet 
is used for the magnetic layer 1. On the other hand, 
the magnetic layer 3 is preferably made of a rare earth 
- iron group element amorphous alloy whose 
perpendicular magnetic anisotropy is high such as 
TbFeCo, DyFeCo, TbDyFeCo or a platinum group - iron 
group element periodic structure film whose 
perpendicular magnetic anisotropy is also high such as 
Pt/Co or Pd/Co because such alloys can stably maintain 
a magnetized state. 

The exchange coupling of at least the magnetic 
layer 1 is broken between adjacent information tracks 
in the intra-film direction thereof. As a result, the 
domain wall can be displaced smoothly along the 
information tracks. Such a condition can be realized 
by annealing the magnetic layer between the information 
tracks, using a high output power laser beam. 

Now, the operation of recording a data signal onto 
the embodiment of magneto-optical recording medium will 
be briefly discussed below. 

A data signal is recorded by modulating the 
external magnetic field as a function of the data 
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signal to be recorded, while moving the medium and 
irradiating a laser beam along the track with a power 
level sufficient for raising the temperature of the 
magnetic layer 3 to above the Curie temperature 
thereof, or by applying a magnetic field in a 
predetermined direction and modulating the power of the 
laser beam irradiating the track as a function of the 
data signal to be recorded. With the latter recording 
technique, it is possible to form a recorded domain 
smaller than the light spot diameter by regulating the 
intensity of the laser beam in such a way that only a 
predetermined region of the light spot is raised to a 
temperature level close to the Curie temperature of the 
magnetic layer 3 . 

FIG. 3 is a schematic illustration of the optical 
system of a recording/reproducing apparatus capable of 
recording data in and reproducing data from a magneto - 
optical recording medium as illustrated in. FIGS. lA 
through IE. In FIG. 3, the laser beam source 81 is 
adapted to be used for recording/reproducing and emit a 
laser beam with a wavelength of 680nm. 

Referring to FIG. 3, a collimator lens 83, a beam- 
shaping beam splitter 84 and an objective lens 85 are 
sequentially arranged in the sense of the moving 
direction of the laser beam emitted from the laser beam 
source 81. The beam-shaping beam splitter 84 is so 
designed that it transmits the P-polarized component of 



the laser beam (680nm) emitted from the laser beeun 
source 81 by 70 to 80% and reflects the S-polarized 
component of the laser beam by 100%. The objective 
lens 85 is to be arranged vis-a-vis a magneto -optical 
recording medium 86 according to the invention having a 
configuration as shown in FIG. lA. The laser beam 
emitted from the laser beam source 81 is focused on the 
recording surface of the medium 86 by the objective 
lens 85. 

More specifically, with this recording/reproducing 
apparatus, the laser beam (680nm) from the laser beam 
source 81 is focused on a groove (or a land) of the 
recording surface of the magneto-optical recording 
medium 86 to produce a signal recording/reproducing 
beam spot. Data are reproduced by using the signal 
recording/reproducing beam spot, typically moving the 
magneto-optical recording medium 86 at a linear 
velocity of 1.5m/sec. With this arrangement, the 
recording medium can be heated to make it show a 
temperature gradient as illustrated in FIG. IB for 
signal reproduction . 

Now, a magneto -optical recording medium according 
to the invention will be described further by way of 
Excimples by referring to the accompanying drawings. 
( Example 1 ) 

FIG. 4 is schematic cross sectional view of the 
magneto-optical recording medium of Example 1, 



- 26 - 



illustrating the basic multilayer structure thereof. 
Like the magneto -optical recording medium described 
above by referring to FIG. lA, this magneto-optical 
recording medium comprises a bottom layer 9 , a magnetic 
layer 1 that is a domain wall displacement layer, 
another magnetic layer 2 that is a switching layer, 
still another magnetic layer 3 that is a recording 
layer and a surface layer 10 laid sequentially on a 
substrate 8. 

The substrate 8 is typically made of polycarbonate 
or glass. In this example, a land/groove recording 
type glass 2P substrate having a track pitch of 0.6iam 
and a groove depth of about 180nm was used for the 
substrate 8. The bottom layer 9 is typically made of a 
transparent dielectric material such as Si3N4, AIN, 
SiOa, SiO, ZnS or MgFj. A similar dielectric material 
may be used for the surface layer 10 that is formed as 
protection layer. These layers can be formed by 
continuous sputtering using a magnetron sputtering 
system, continuous evaporation or some other 
appropriate technique . 

The magnetic layers 1 through 3 can be coupled by 
exchange coupling as they are continuously formed 
without breaking the vacuum of the film forming system. 
While a rare earth - iron group element cimorphous alloy 
is used for the magnetic layer 2 that is a switching 
layer as in the case of the other magnetic layers 1 and 



3, it is in fact a perpendicularly magnetized film of 
Tbo j^jFeo whose Curie temperature Ts is about 150** C 
and lower than the other two magnetic layers 1 and 3. 
This magnetic layer 2 can be coupled with each of the 
other two magnetic layers 1 and 3 at temperature lower 
than the Curie temperature Ts . Gdo ^s^eo goCOo jqAIq ^5 whose 
domain wall mobility is larger than the other magnetic 
layers 2 and 3 and whose perpendicular magnetic 
anisotropy is smaller than the other layers 2 and 3 is 
used for the magnetic layer 1 that is a domain wall 
displacement layer. The magnetic layer 1 has a Curie 
temperature of about 270** C and rare earth sublattice 
magnetization is dominant in the magnetic layer 1 at 
and near the Curie temperature Ts (about 150** C) of the 
magnetic layer 2 . 

Very small recording pits can be formed in the 
magnetic layer 3 that is a recording layer and securely 
maintained. Tbo 22^^0.58^00 20 having large coercivity is 
used for the magnetic layer 3. The Curie temperature 
of the magnetic layer 3 is about 300** C and transition 
metal sublattice magnetization is dominant in the 
magnetic layer 3 at and near the Curie temperature Ts 
(about 150** C) of the magnetic layer 2. As for the film 
thicknesses of the magnetic layers 1 through 3, the 
magnetic layer 1 (domain wall displacement layer) is 
about 30nm thick and the magnetic layer 2 (switching 
layer) is about lOnm thick, while the magnetic layer 
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(recording layer) is about 80nm thick. 

The magneto -optical medium having the above 
described configuration was evaluated for signal 
reproduction at the grooves. Data were recorded in the 
magnetic layer 3 by using a recording optical system 
with a laser beam having a wavelength X of 680nm and an 
objective lens having a numerical aperture NA of 0.55 
at a linear velocity of 1.5m/s and modulating the 
external magnetic field of 300Oe (oersted (CGS 
electromagnetic unit system) ) by means of 5MHz while 
irradiating a laser beam having a laser power output 
level of 3mW. The recorded data were reproduced by 
using a laser beam having a laser power output level of 
1 . 5mW to obtain a signal showing a well-shaped 
rectangular waveform as illustrated in FIG. 2B that 
rises immediately behind the position Xa. 
( Comparative Example 1 ) 

FIGS. 5A through 5C schematically illustrate the 
principle of reproducing signals from the magneto- 
optical recording medium of Comparative Example 1 that 
is comparable to Example 1. FIG. 5A is a schematic 
cross sectional view of the magneto-optical recording 
medium of Comparative Example 1, illustrating its 
configuration and the change in the magnetized state 
thereof when irradiated with a signal reproducing light 
beam and FIG. 5B is a graph illustrating the 
distribution of the saturation magnetization of the 
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domain wall displacement layer and that of the 
saturation magnetization of the recording layer 
corresponding to the temperature distribution produced 
in the recording medium when irradiated with signal 
reproducing light beam, whereas FIG. 5C is a graph 
illustrating the distribution of the magnetostatic 
force generated by the distribution of saturation 
magnetization of FIG. 5B. While the elements denoted 
by reference symbols 1' through 11' in FIG. 5A are 
substantially the same as the elements 1 through 11 in 
FIG. lA, the magnetic layer 1' that is a domain wall 
displacement layer has a composition different from the 
magnetic layer 1 of FIG. lA. 

In the magneto-optical recording medium of this 
comparative example, Gdo 22^^o.62^^o.io^lo.o6 whose domain 
wall mobility is larger than the other magnetic layers 
2 ' and 3 ' and whose perpendicular magnetic anisotropy 
is smaller than the other layers 2 ' and 3 ' is used for 
the magnetic layer 1 ' . The magnetic layer 1 ' has a 
Curie temperature of about 270** C and transition metal 
sublattice magnetization is dominant in the magnetic 
layer 1' at and near the Curie temperature Ts (about 
150** C) of the magnetic layer 2*. Therefore, the 
saturation magnetization Msl of the recorded domain 21a 
of the magnetic layer 1' and the saturation 
magnetization Ms3 of the recorded domain 23a of the 
magnetic layer 3' become parallel (and directed in the 
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same direction) to each other between the magnetic 
layers 1 ' and 3 ' that are coupled by exchange coupling 
at and near the position Xa where the temperature of 
the medium gets to the Curie temperature Ts of the 
magnetic layer 2 ' • 

Now, assume that the domain wall 6' passes through 
the region between position Xa and position Xb (where 
the domain wall between the recorded domains 2 3b and 
23c of the magnetic layer 3' is located). In this 
region, magnetostatic force F2b acting not to expand 
the magnetic domain as shown in FIG. 5C is generated 
because the saturation magnetization Msl of the 
recorded domain 21a of the magnetic layer 1' and the 
saturation magnetization Ms3 of the recorded domain 23b 
of the magnetic layer 3* are made anti-parallel (i.e. 
directed oppositely) to each other. It is difficult 
for the domain wall 6 ' to be displaced immediately 
after getting to the temperature Ts because the force 
Fl is small for starting a domain wall displacement and 
additionally the magnetostatic force F2b acts not to 
expand the magnetic domain. Thus, the starting point 
of displacement of the domain wall becomes unstable. 

The magneto -optical recording medium of this 
comparative exeunple was evaluated for signal 
reproduction as in the case of Example 1. However, it 
was found that the reproduced signal did not rise 
immediately behind the position Xa and showed a rounded 



signal waveform as illustrated in FIG. 2C. It was 
confirmed that the domain wall displacement of this 
comparative example was delayed at a position 
immediately behind the position Xa as compared with 
Example 1 . 
(Example 2) 

FIGS. 6A through 6C schematically illustrate the 
principle of reproducing signals from the magneto- 
optical recording medium of Example 2. FIG. 6A is a 
schematic cross sectional view of the magneto-optical 
recording medium of Example 2, illustrating its 
configuration and the change in the magnetized state 
thereof when irradiated with a reproducing light beam 
and FIG. 6B is a graph illustrating the distribution of 
the saturation magnetization of the domain wall 
displacement layer and that of the saturation 
magnetization of the recording layer corresponding to 
the temperature distribution produced in the recording 
medium when irradiated with a reproducing light beam, 
whereas FIG. 6C is a graph illustrating the 
distribution of the magnetostatic force generated by 
the distribution of saturation magnetization of FIG. 
6B. In FIG. 6A, the elements that are the same as or 
similar to those of FIG. lA are denoted respectively by 
the same reference symbols. 

The magneto-optical recording medium of this 
example is identical with that of Example 1 except that 



the composition of the domain wall displacement layer 
was different from that of the specimen of Example 1 . 
More specifically, Gdo 23Feo^iCOo j^qAIq whose domain wall 
mobility is larger than the other magnetic layers 2 and 
3 and whose perpendicular magnetic anisotropy is 
smaller than the other layers 2 and 3 is used for the 
magnetic layer 1, which is the domain wall displacement 
layer. The magnetic layer 1 has a Curie temperature of 
about 260' C and rare earth sublattice magnetization is 
dominant in the magnetic layer 1 at about ISO** C (the 
Curie temperature Ts of the magnetic layer 2 that is 
the switching layer) . Additionally, the compensation 
temperature of the magnetic layer 1 is found between 
150° C and the Curie temperature, or 260** C of the 
magnetic layer 1. 

In the magneto -optical recording medium of this 
example, the saturation magnetization Msl of the 
recorded domain 31a of the magnetic layer 1 and the 
saturation magnetization Ms3 of the recorded domain 33a 
of the magnetic layer 3 become anti-parallel (i.e. 
directed oppositely) to each other between the magnetic 
layers 1 and 3 that are coupled by exchange coupling at 
and near the position Xa where the temperature of the 
medium gets to the Curie temperature Ts of the magnetic 
layer 2 

Firstly, assume that the domain wall 6 passes 
through the region between position Xa and position Xb 



- 33 - 



{where the domain wall between the recorded domains 33b 
and 33c is located). In this region, magnetostatic 
force F2b acting to expand the magnetic domain as shown 
in FIG. 6C is generated because the saturation 
magnetization Msl of the recorded domain 31a of the 
magnetic layer 1 and the saturation magnetization Ms3 
of the recorded domain 33b of the magnetic layer 3 are 
parallel to each other (and directed to a same 
direction). Thus, the magnetostatic force F2b and the 
force Fl defined by the above equation (2) drive the 
domain wall 6 to move. Due to the magnetostatic force 
F2b generated to expand the magnetic domain, the force 
driving the domain wall 6 immediately after getting to 
the temperature Ts for starting a domain wall 
displacement is increased to consequently stabilize the 
starting point of displacement of the domain wall. 

Now, assume that the domain wall 6 passes through 
the region between position Xb and Xc (where the domain 
wall 6 is located after the domain wall displacement 
and also the domain wall between the recorded domains 
33c, 33d of the magnetic layer 3 is located) . In this 
region, unlike the specimen of Excimple 1, however, 
since the recorded domain 31a of the magnetic layer 1 
gets to the compensation temperature, the saturation 
magnetization Msl of the magnetic layer 1 is reduced to 
nil (see FIG. 6B) and hence the magnetostatic force F2c 
acting to block the domain wall displacement becomes 



very small (see FIG. 6C) . Because the force Fl defined 
by the formula (2) is sufficiently large, it alone is 
sufficient for driving the domain wall 6. 

Now, the compensation temperature will be 
described briefly • FIG. 7 is a graph illustrating the 
compensation temperature of a f errimagnetic material. 
The vertical axis of the graph represents the 
saturation magnetization and the horizontal axis 
represents the temperature. In FIG. 7, the white 
arrows indicate saturation magnetization while black 
arrows indicate transition metal sublattice 
magnetization and arrows drawn by broken lines indicate 
rare earth sublattice magnetization. As shown in FIG. 
7 , the saturation magnetization of the f errimagnetic 
material decreases with the temperature rise and its 
direction is inverted at a given temperature level. 
The temperature at which the saturation magnetization 
becomes inverted is referred to as compensation 
temperature. The saturation magnetization Ms becomes 
nil at the compensation temperature. However, it 
should be noted that the sublattice maintains the 
magnetic moment when the saturation magnetization is 
reduced to nil as shown in FIG. 7. The compensation 
temperature can be regulated by regulating the 
composition ratio of the magnetic layer 1 . 

In order to obtain a sufficiently strong signal, 
the magnetic moment of the transition metal sublattice 



needs to remain over a wide range between the position 
Xa and the position Xc. In the case of the specimen of 
Example 1, the force F2 acting to block the effect for 
expanding the magnetic domain remains to a slight 
extent because the saturation magnetization Ms is found 
at temperature where magnetic moment of the transition 
metal sublattice exists and hence the influence of the 
leakage magnetic field remains. To the contrary, with 
the specimen of this example that is made to show 
compensation temperature between the position Xa and 
the position Xc, the influence of the leakage magnetic 
field can be made very small if the magnetic moment of 
the transition metal sublattice is allowed to exist in 
this region. 

The magneto-optical recording medium of this 
example was evaluated for signal reproduction as in the 
case of Example 1 to find that it could reproduce a 
rectangular signal waveform that is shaped better than 
the signal waveform obtained in Example 1. 
( Example 3 ) 

The magneto -optical recording medium of this 
example is identical with that of Example 1 except that 
the composition of the domain wall displacement layer, 
that of the switching layer and that of the recording 
layer were different from those of the specimen of 
Example 1. More specifically, a composition of 
'I'^o. 19^^0.73^10.08 used for the switching layer so as to 



make its Curie temperature Ts equal to about 130** C and 
a composition of Gdo 22^^0.61^00. iqAIq. 07 w^is used for the 
domain wall displacement layer to make its Curie 
temperature Ts equal to about 260** C and transition 
metal sublattice magnetization become dominant at and 
near the Curie temperature Ts (130' C) of the switching 
layer, whereas Tb^ 25^6^ 52CO0.23 used for the recording 

layer to make its Curie temperature Ts equal to about 
320° C and rare earth sublattice magnetization become 
dominant at and near the Curie temperature Ts (130°C) 
of the switching layer. 

The magneto -optical medium of this example was 
evaluated for signal reproduction as in the case of 
Example 1 to find that it could reproduce a rectangular 
signal waveform with a greater amplitude as compared 
with the specimens of Examples 1 and 2 . 



